PPROXIMATELY 30 million allogeneic blood components are transfused annually in the United States, 1 with perioperative transfusions accounting for approximately 25% of these.
product administration, formal criteria for TACO have only recently been endorsed. The two most widely accepted definitions include those put forth by the National Healthcare Safety Network and the International Society of Blood Transfusion (table 1) . 16, 17 Both of these criteria require a new onset or worsening of respiratory distress within 6 h of completion of blood product transfusion and include parameters for fluid balance, evidence of heart failure, and radiographic evidence of circulatory overload. The International Society of Blood Transfusion definition includes additional hemodynamic vital sign parameters consistent with circulatory overload.
Historically, TACO has been estimated to occur in approximately 1 to 10% of all transfused patients. [18] [19] [20] More recently, it was suggested to occur in 3 to 5.5% of transfused noncardiac surgical patients. 6 Importantly, TACO was the second leading cause of transfusion-related fatalities in the United States in 2014, accounting for 22% of all transfusion-related deaths reported to the Food and Drug Administration. 3 Meanwhile, in 2013, TACO accounted for 55% of all transfusion-related fatalities reported to the Serious Hazards of Transfusion group in the United Kingdom. 21 TACO also appears to be dramatically underreported. 6, 22, 23 Although the risk factors and clinical impact of TACO have previously been explored in heterogeneous hospitalized cohorts, 8 a contemporary evaluation of such risk factors in a well-defined surgical population remains heretofore outstanding. In an effort to more fully inform the practice of perioperative transfusion medicine, we aimed to further clarify the risk factors underlying perioperative TACO in patients undergoing noncardiac surgical procedures. Moreover, we aimed to improve our understanding of the impact of postoperative TACO on patient-important outcomes.
Materials and Methods

Study Design
This investigation utilized a case-control study design. All patients included in this study had valid research authorization. The study was approved by the Mayo Clinic (Rochester, Minnesota) Institutional Review Board before its onset. The Strengthening the Reporting of Observational Studies in Epidemiology guidelines were followed in the conduct and reporting of this study. 24 
Study Population
One hundred sixty-three cases of TACO were matched with up to five transfused and complication-free controls (n = 726).
Patients were matched on age (±5 yr), sex, surgical specialty, and year of surgery. Matching based upon surgical procedure was pursued as a result of our recent work, suggesting that a significant proportion of TACO cases occur in patients undergoing thoracic, vascular, and transplant surgery. 6 Matching based upon this variable was pursued with the aim of removing this risk factor as a confounder of additional risk factors of interest. Similarly, age and sex have previously been shown to be strongly associated with TACO in nonsurgical populations. 10, 13, 18, 25, 26 Cases and controls were both selected from a cohort of adult patients recently identified at our institution who were transfused while undergoing noncardiac surgery in the calendar years 2004 or 2011. 6 These calendar years were specifically chosen in our original epidemiologic study, as they represent periods before and after the introduction of two major blood managements strategies at our institution: universal leukoreduction and deferral of female plasma donors. Exclusion criteria for the original cohort included the lack of research authorization; previous inclusion in the study (no patient was included more than once); age less than 18 yr; pretransfusion evidence of respiratory failure, extracorporeal membrane oxygenation, or diffuse bilateral infiltrates on chest radiographs; American Society of Anesthesiologists (ASA) physical status classification VI; or intraoperative death. The remaining patients in this cohort underwent an extensive evaluation for evidence of transfusion-related pulmonary complications within 6 hr of intraoperative transfusion as was previously described 6 For consistency, the National Healthcare Safety Network definition was used to identify cases of TACO. 16 Additional outcome adjudication categories included TRALI, defined as either TRALI or possible TRALI (otherwise known as transfused acute respiratory distress syndrome), according to the 2004 consensus conference definition 27 ; mixed TRALI 
Data Collection
Variables considered as potential risk factors for TACO were identified based upon biologic plausibility and by review of the available literature. 8, 13, 18, 25, 26 These elements were extracted from the electronic medical record using institutional databases that have been previously validated. 28, 29 These data included age; sex; type of surgery; year of surgery; type and volume of blood products transfused; intraoperative fluid administration; preoperative hemoglobin values; estimated blood volume; body mass index (BMI); estimated blood loss; duration of surgery; documented history of congestive heart failure (CHF), coronary artery disease or previous myocardial infarction, chronic kidney disease (CKD), moderate to severe liver disease, or alcohol abuse; echocardiographic evidence of left ventricular (LV) dysfunction, evidenced by ejection fraction less than 60%, early diastolic mitral inflow velocity to early diastolic mitral annulus velocity greater than 15 or documented grade 3 to 4/4 diastolic dysfunction; and preoperative use of aspirin, diuretics, or β-adrenergic receptor antagonists (β-blockers). Preoperative use of the medications of interest was defined as documented ongoing usage in the 6-month interval preceding surgery. ASA physical status classification was extracted to further demonstrate the characteristics of our study population. When building our models, ASA status was not evaluated as a specific risk factor due to our desire to focus more specifically on individual comorbidities and the problems with colinearity and overfitting of models that might occur should these comorbidities and ASA status both be included in our model. The patient-important outcomes evaluated included intensive care unit (ICU) and hospital length of stay, need for postoperative mechanical ventilation, and survival after the index surgical procedure. Dates of death and last follow-up were obtained using institutional resources.
Statistical Analysis
The baseline characteristics of our study sample are presented as median and interquartile range for continuous variables and number (%) for binary or categorical data. The association of each characteristic with TACO was assessed using univariate conditional logistic regression analysis in order to account for the matching procedures with SAS statistical software version 9.1 (SAS Institute Inc, USA). In addition to these unadjusted analyses, each risk factor was also assessed using multivariable conditional logistic regression with intraoperative blood volume and nonsanguineous intravascular (IV) fluid volume included as covariates to account for the vastly differing volume of these products administered intraoperatively between groups. Colinearity was assessed at multiple points while building our multivariable model using variance inflation factors for each variable included in the model. Variables that remained significant predictors of TACO after the fluid volume-adjusted analyses (P < 0.05) were chosen for inclusion in a final multivariable conditional logistic model. Finally, subset analyses were carried out, excluding patients with evidence of both TRALI and TACO in order to ensure that our findings were not confounded by this particular group of patients in whom a differing phenotype may be expected. In all cases, findings are summarized by presenting the odds ratio (95% CI) and corresponding two-tailed P value. The sample size for this study was based upon available data, with no a priori power calculation being performed. To maximize the power of this study, 1:5 matching of cases to controls was utilized. Caution was taken to avoid overfitting models by evaluating no more than 1 variable per 10 observations (cases of TACO). Supplemental analyses were performed to compare clinical outcomes within subgroups. Need for postoperative mechanical ventilation is summarized as number (%) and compared between groups using conditional logistic regression with preoperative ASA status included as a covariate in order to account for chronic comorbidities and acuity of illness. Postoperative survival is summarized as hazard ratios (95% CI) and corresponding P values using the Kaplan-Meier method and is analyzed using stratified Cox proportional hazards regression, taking into account the matched set study design and with preoperative ASA status included as a covariate. Postoperative ICU and hospital length of stay are displayed as median and interquartile range and are analyzed using quantile regression with matching variables and ASA status included as covariates. Findings were considered statistically significant where P < 0.05.
Results
A total of 52,139 adult patients underwent noncardiac surgery with general anesthesia at our institution during the years 2004 and 2011. Of these, 4,234 received intraoperative transfusion. After exclusion criteria were applied, 4,070 patients were evaluated for evidence of perioperative transfusion-related pulmonary complications. From this cohort, 154 patients were found to have TACO, 23 patients were found to have TRALI, and 22 patients were felt to have evidence for both TRALI and TACO. A total of 3,871 had no evidence of posttransfusion pulmonary compromise. 6 From the cohort of 176 patients with evidence of TACO, 163 cases were successfully matched with up to five complication-free transfused controls (n = 726) making up the participants of this case-control study. For 13 cases, no suitable controls were able to be identified from our cohort due to the absence of a matching procedural code. Of these 13 patients, 11 had TACO alone, while 2 had evidence of TRALI and TACO, 7 (54%) were men, 7 (54%) underwent surgery of interest in 2004, the mean age was 74 yr, 2 patients underwent orthopedic surgery, 5 underwent vascular surgery, 5 underwent general surgery, and 1 underwent neurosurgery. Overall, 123 patients were successfully matched with five controls, 10 were matched with four controls, 17 were matched with three controls, 7 were matched with two controls, and 6 were matched with only one control.
Baseline characteristics are shown in table 2. Matching was successful with no significant differences between cases and controls with regard to age, sex, type of surgery, or surgical year (all P > 0.05). Patients with TACO were more likely to have preoperative echocardiographic evidence of LV dysfunction. In addition, they were more likely to have a higher BMI, preexisting CKD, and be using diuretics or β-blockers in the 6-month period before surgery. Patients with TACO were also more likely to present for emergency surgery, have a longer duration of surgery, and receive greater volumes of blood products, as well as nonsanguineous IV fluids. Patients Due to a significant association between TACO and both intraoperative transfusion and nonsanguineous IV fluid volumes, analyses were adjusted for these volumes in an effort to control for their confounding effects (table 3) . After adjusting for total fluid volumes, TACO remained associated with emergency surgery, CKD, echocardiographic evidence of LV dysfunction, lower preoperative hemoglobin, preoperative diuretic administration, and preoperative β-blocker use (table  3) . In addition, patients with TACO were more likely to have received either plasma only or mixed blood product transfusion episodes as compared to isolated erythrocyte transfusion (table  3) . No evidence of colinearity was detected, with a maximal variance inflation factor of 1.74. In these adjusted analyses, there was no longer a significant relationship between TACO and duration of surgery or BMI. Similarly, no association was demonstrated between TACO and clinical documentation of CHF, coronary artery disease, moderate to severe liver disease, alcohol abuse, estimated blood volume, estimated blood loss, or preoperative aspirin use (table 3) . Table 3 displays the results of the multivariable analysis modeling the relationships between variables identified as having a statistically significant association with TACO in the fluid volume-adjusted analyses and the outcome of TACO. This final multivariable model demonstrated statistically significant relationships between TACO and emergency surgery; chronic kidney; echocardiographic evidence of LV; preoperative β-blocker utilization; blood product type, plasma and mixed blood products (both P = 0.011), and increasing IV fluid volume. Transfusion volume, diuretic use, and preoperative hemoglobin were no longer statistically significant in the final multivariable model (table 3) .
In terms of the patient-important outcomes assessed in this investigation, patients who developed perioperative TACO (when compared to controls) after intraoperative blood product transfusion had a significantly greater need for postoperative mechanical ventilation (73.0 vs. 33 
Discussion
In this study, we have demonstrated that premorbid conditions (CKD and LV dysfunction), baseline medications (β-blockers), procedural details (emergency surgery), intraoperative care delivery factors (increasing IV nonsanguineous fluid volume), and blood product type (plasma or mixed product transfusion episodes) are independently predictive of perioperative TACO. A number of these findings are consistent with risk factors previously described in heterogeneous patients populations. 8, 13, 30 Uniquely, we have demonstrated an increased risk of TACO in those requiring emergency surgery. Of interest, we failed to demonstrate a relationship between blood product volume and TACO, after adjusting for other variables including nonsanguineous fluid balance and blood product type. Importantly, the presence of TACO negatively impacted patient-important outcomes with increased need for postoperative mechanical ventilation, increased ICU and hospital lengths of stay, and significantly reduced short-and long-term survival.
Our findings of increased rates of TACO in those with CKD, echocardiographic evidence of LV dysfunction, preoperative β-blocker use, and greater volumes of IV fluid administration all support the notion that volume overload and hydrostatic pulmonary edema are central processes in TACO pathogenesis. The consistency with which these parameters have been associated with TACO in the literature supports the judicious use of blood product transfusionand careful management of overall volume status-especially in patients with preexisting cardiac and renal dysfunction. Although the precise mechanisms underlying TACO remain under investigation, specifically with regard to the potential role of inflammatory or noncardiogenic pulmonary edema, and while TACO may still occur even with conservative IV fluid administration, careful volume management would seem prudent regardless of etiology, since patients with increased capillary leak are also likely susceptible to pulmonary edema with increasing IV fluid administration. Interestingly, clinical documentation of CHF was not found to be a significant predictor of TACO in this study. Notably, 107 patients with echocardiographic evidence of either LV systolic or diastolic dysfunction within 6 months before surgery did not have CHF documented in their clinical notes. Similarly, 36 patients with clinical documentation of CHF had a normal echocardiogram in the 6-month interval before their surgical procedure. On this basis, we believe that objective echocardiographic abnormalities may be a more sensitive and specific marker of LV dysfunction and risk for TACO than relying upon previous clinical documentation of CHF.
The association of preoperative β-blocker administration with risk for postoperative TACO is a novel study finding. We suspect that preoperative β-blocker use likely serves as a surrogate marker for cardiovascular disease and LV dysfunction with the associated risk for developing TACO. Alternatively, patients taking β-blockers may be less well equipped to deal with acute intravascular volume expansion. Fig. 1 . Overall survival curves from date of surgery for cases and controls. Postoperative survival Kaplan-Meier curve analyzed using stratified Cox proportional hazards regression taking into account the matched set study design. Median follow-up for both groups was 2 yr. TACO = transfusion-associated circulatory overload.
Regardless, the observational nature of this investigation precludes definitive statements on the underlying pathophysiologic rationale relating β-blocker therapy to increased risk for postoperative TACO.
Receipt of either plasma products alone or mixed blood products remained independent predictors of TACO when compared to those who received erythrocytes exclusively. This relationship appeared robust, persisting after adjusting for intravenous fluid volume administration. This finding, combined with the fact that transfusion volume was not associated with TACO in the multivariable model, supports the potential for alternate mechanisms contributing to TACO pathogenesis-such as inflammatory processes. Notably, others have also identified this association. In 2011, Li et al. 18 reported that plasma prescribed for the correction of an elevated international normalized ratio was strongly associated with TACO in the critically ill. Similarly, in 2012, Narick et al. 23 reported an incidence of TACO attributable to plasma of 4.8% in the nonoperative setting. Interestingly, these authors noted lower plasma infusion volumes and infusion rates in those who developed TACO when compared to those who did not developed this complication. This again increases the possibility of additional mechanisms underlying TACO beyond fluid overload.
The supposition that TACO may not be purely driven by volume overload was suggested by Popovsky et al. in 2010 31 when it was noted that TACO frequently occurred after one to two blood component transfusions, a volume that would not typically cause clinically significant fluid overload. Subsequently, Andrzejewski et al. 32, 33 reported approximately 65% of patients with TACO exhibited an inflammatory or febrile component with their clinical presentation. Similar findings were also reported by the Quebec Hemovigilance System. 34 Observations such as these suggest the potential for inflammatory mechanisms contributing to TACO pathogenesis. A growing body of preclinical investigations have also suggested a potential role for erythrocyte-derived microparticles, cell-free hemoglobin, and nitric oxide scavenging as a potential mechanism associated with TACO pathogenesis. [35] [36] [37] [38] Clinically, this mechanism may underlie the characteristic hypertensive response seen in TACO. An additional observation suggesting the potential for alternate mechanisms underlying TACO pathogenesis is the notable lack of TACO in patients receiving washed cellular blood products.
39
Although the current study is unable to sufficiently address these hypotheses, evidence suggests further investigation may be warranted. Indeed, a National Institutes of Health-funded clinical trial investigating this possibility remains underway (ClinicalTrials.gov, ID: NCT02094118). Our finding of an association between emergency surgery and TACO, although unique, is not entirely unforeseen. Indeed, in the cohort from which study participants were identified, it was noted that TACO was significantly more frequent among patients who underwent vascular, thoracic, and organ transplantation surgery. It is presumed that these patients are more likely to carry sinister comorbidities and more frequently require transfusion therapies. In light of this fact, we matched patients in the current investigation on type of surgery, thereby permitting an evaluation of other important predictors of TACO without such confounding. However, similar assertions could also be made about emergency surgery. By nature, these patients are presumed to be acutely unstable. Of note, a recent report by Murphy et al. 8 suggested that surgery within 48 hr of a transfusion episode, particularly cardiac, liver, and vascular surgery, were predictors of TACO. Although this association lost statistical significance in Murphy's multivariable analysis, it must be acknowledged that the cohort was very different from the current study. Specifically, their population included surgical and medical inpatients, the critically ill, and transfused outpatients.
Among patients developing TACO, the need for postoperative mechanical ventilation, as well as the ICU and hospital lengths of stay, was significantly increased-a finding that has been consistently duplicated in other investigations. Likewise, both short-and long-term survival were noticeably reduced in patients with TACO. Similar associations attesting to the negative impact of TACO on patientimportant outcomes have been described since the early 1990s 30 ; however, some reports have failed to duplicate these findings. 17, 28, 40 The negative impact of TACO on patientimportant outcomes was most recently endorsed by Murphy et al. 8 It should be noted that TACO remains a leading cause of transfusion-related fatalities worldwide. 3, 21, 34 As such, measures aiming to prevent TACO, especially in highrisk populations, should be employed in the perioperative period.
Our study has a number of strengths that deserve mention. First, cases and controls were selected from a previously collected database of transfusion recipients who had undergone rigorous review for the outcome of TACO. 6 As such, we believe the findings described herein are truly representative of patients experiencing perioperative TACO. Second, relevant risk factors were extracted from the electronic medical record using tools that have previously undergone extensive validation. 28, [41] [42] [43] There are also several weaknesses that must be acknowledged. First, the observational nature of this study creates potential for confounding and bias. Although efforts were made to control for these issues in both the study design and statistical analyses, potential for unmeasured confounding effects clearly remains. If present, residual confounding has the potential to impact associations between the risk factors evaluated and TACO, as well as the associations with patient-important outcomes. The conduct of this study at a single tertiary care academic medical center is an additional limitation. Unique aspects relating to the patient's cared for at this institution or the care delivered may preclude generalization of our results to patients at disparate institutions. External validation would greatly enhance the robustness of our findings. Finally, additional risk factors should be considered in future studies. As an example, the rate of transfusion administration-a risk factor reported in the literature 18 -could not be evaluated in the current study as these data were not reliably available for all patients receiving intraoperative transfusions.
In summary, perioperative TACO is independently associated with CKD, LV dysfunction, presurgical β-blocker use, increasing intraoperative fluid administration, and emergency surgery. Until targeted therapies are available to treat TACO, prevention remains paramount with the avoidance of unnecessary transfusions being critically important. Particularly careful consideration regarding the appropriateness of a transfusion episode and the management of nonsanguineous fluid therapies should be employed in patients "at risk" for TACO as based on the highlighted risk factors. If transfusion is deemed unavoidable in such high-risk patients, consideration of more intensive perioperative monitoring for signs respiratory distress may be justified. Finally, should the association between plasma therapies and TACO be confirmed in future clinical trials, the use of low-volume plasma alternatives such as prothrombin complex concentrates may be warranted in at-risk patients.
